ABSTRACT: It is critical to evaluate the in situ effects of multiple stressors on coastal community dynamics, especially those communities harboring high diversity such as coral reefs, in order to understand the resilience of these ecosystems, prepare coastal management for future scenarios, and aid in prioritizing restoration efforts. In this in situ study, at 2 sites with gradients of submarine groundwater discharge (SGD), a suite of physical parameters (wave exposure index, wind exposure index, and depth) and an all-encompassing SGD chemical parameter (average nitrate + nitrite daily load) were measured along spatially cohesive and temporally relevant scales and used to model macroalgal growth, biomass, and diversity in Maunalua Bay, Hawai'i. We showed that (1) speciesspecific macroalgal biomass is significantly related to SGD and one of the 2 exposure indices (i.e. wind exposure or wave exposure), (2) SGD and wave exposure play key roles in species-specific growth rates, and (3) SGD supports low diversity and increased biomass of species that can tolerate the biogeochemistry associated with SGD. Our work suggests that SGD and local hydrodynamics predict local variation in macroalgal growth, biomass, and diversity in tropical reefs.
INTRODUCTION
Physicochemical factors are important in shaping the benthic community composition of coastal systems. A major chemical process that alters the community structure and function of coastal systems is nutrient pollution. Nutrient pollution via surface runoff has been studied widely in all aquatic environments (NRC 2000 , Smith 2003 , Ocean Commission 2004 , Ahmad et al. 2016 ) and has been linked to changes in benthic fauna (Magalhaes & Bailey-Brock 2014) , the persistence of deleterious algal blooms (Howarth et al. 2002) , and increased macroalgal biomass in coastal ecosystems (Bell 1992 , Khan & Ansari 2005 . Continuously elevated nutrient inputs on reef systems along with decreased herbivory have been shown to be the main factors responsible for phase shifts from coral to macroalgal-dominated reefs (McCook 1999 , Smith et al. 2001 , Littler et al. 2006 .
Submarine groundwater discharge (SGD), like fluvial runoff, is another potential source of nutrient pollution. Studies have shown that groundwater is a source of nutrients to streams, rivers, and coastal systems (Burnett et al. 2003 , Zhang & Mandal 2012 . SGD can also be a source of land-based nutrients to coral reefs in high island systems (Paytan et al. 2006 , Nelson et al. 2015 . In areas where the nutrient concentration of coastal groundwater has been substantially increased by land use, nutrient loading to coastal waters via SGD has been associated with macroalgal blooms and shifts in community composition (Naim 1993 , McCook 1999 , Costa et al. 2008 , Lyons et al. 2014 . McClanahan et al. (2002) found that the interaction of persistent and multiple synergistic disturbances is often the cause of permanent phase shifts in coral reef communities. SGD in island settings has variable biogeochemical parameters such as salinity, pH, dissolved organic matter (DOM), dissolved inorganic nutrients, as well as other associated chemical factors, which vary by aquifer and land use (Knee et al. 2010 , Young et al. 2015 , Richardson et al. 2017b ). In watersheds experiencing high contamination of groundwater by land-based nutrients, SGD is a chronic source of nutrients to coastal systems due to its continuous or tidal mode of delivery (Richardson et al. 2017b) . Additionally, in systems experiencing semidiurnal tides, SGD and all its associated geochemistry fluxes can be high (Johnson et al. 2008 , Holleman 2011 . The multiple stressors associated with SGD leave reef systems vulnerable to permanent ecological transitions to algal-dominated states at sites with large freshwater SGD fluxes with high nutrient concentrations (Lapointe 1997 , Smith et al. 2005 .
The composition and abundance of the algal assemblage on a reef with SGD depend on which species can thrive in this chemical and physical environment. All marine primary producers have an optimal range of nutrient concentrations and salinity for growth and production. Both of these environmental variables control major physiological functions; salinity drives osmotic and solute regulation (Wiencke & Bischof 2012) , while nutrient concentrations drive up take rates and productivity (Valiela et al. 1997 , Thomas & Cornelisen 2003 . Shallow coastal waters with freshwater SGD undergo both nutrient load and salinity changes on small time scales (i.e. tidal, hourly) (Johnson et al. 2008) . Algal communities living in nutrient and salinity variations on this time scale require the ability to acclimate quickly to wide ranges of these chemical parameters. These environmental conditions can preferentially spur the growth of some algal species over others. For example, studies have shown that the growth rate of Gracilaria sp. is optimal at salinities of 15−30 (Israel et al. 1999 , Choi et al. 2006 ). This suggests that there are species better adapted to tolerate coastal systems with high freshwater SGD flux.
Additionally, the success of certain algal species in reef flats depends on their ability to withstand hydrodynamic forces such as exposure to wind and waves. Fringing reef flats are shallow and close to shore, making them vulnerable to sedimentation from adjacent land and increased turbidity with wave action (Airoldi 1998 , Elfrink & Baldock 2002 , Balata et al. 2007 . Water motion directly dictates algal growth and composition by imposing physical stress (D'Amours & Scheibling 2007) and varying nutrient delivery depending on the hydrodynamic forces acting on the area (Hurd 2000 , Thomas & Cornelisen 2003 . For example, studies have shown that even when nutrient delivery is greatest at a reef crest, macroalgal growth is minimal due to wave action (Hurd 2000 , Lilliesköld Sjöö et al. 2011 ). The physical structure (i.e. morphology, flexibility, size) of benthic species affects their ability to tolerate the mechanical forces of drag and lift and their physiological ability to take up nutrients by creating a thinner or thicker diffusive boundary layer (Koehl 1986 , Denny et al. 1989 , Carrington 1990 , Koch 1993 , Hurd 2000 . The effects of wave and wind action vary with species morphology and structure, creating differential effects on the abundance of different species. This, in turn, ex plains why wave action and hydrodynamic forces play a major role in shaping the benthic community composition, diversity, and species richness of marine ecosystems (Costa et al. 2000 , Nishihara & Terada 2010 .
Previous work has shown that both eutrophication and wave exposure have significant effects on algal assemblages in the coastal zone (Pihl et al. 1999 , Flores et al. 2015 but no studies have looked at these factors together on algae-dominated reef flats with SGD. Maunalua Bay, located on the southeastern shore of Oahu, Hawai'i, has 3 algal-dominated fringing reefs that extend from shore to about 200−400 m offshore, with groundwater input occurring at the shore line. The SGD at 2 of these sites, Black Point and Wailupe, is lower in salinity (~2−4) and highly en riched in nutrients compared to surrounding coastal waters, thus providing an interesting study site for the interaction of these physical and chemical factors with the macroalgal communities. Additionally, the fringing reefs of Black Point and Wailupe (see Fig. 2 ) have been the site of a previous study defining biogeochemical zones associated with SGD (Nelson et al. 2015) . These zones (i.e. spring, transition, diffuse, and ambient zones) are characterized by different degrees of SGD influence -with the spring zone being the site of the groundwater discharge and therefore having the highest SGD influence, to the ambient zone, which is the furthest away from the SGD and has the least amount of SGD influence. The gradient of freshwater and nutrient inputs across these zones also creates interesting study sites for in situ algal growth experiments.
Black Point and Wailupe are dominated by invasive macroalgal species and, due to the reefs' coastal topography, these sites experience a range of both wave and wind exposure. This study explores the relationships between exposure and nutrient load on a local scale (~400 m) with respect to algal biomass, growth, and diversity in situ. We hypothesized that (1) species-specific and macroalgal biomass depend on SGD and at least one index of exposure, (2) species-specific growth rates will vary with SGD and herbivory, and (3) that diversity is related to both nutrient load and one or more exposure indices. Overall, our goal was to evaluate the in situ effects of SGD in the context of the hydrodynamic state of these reefs to better understand their combined effects on macroalgal population and community dynamics.
MATERIALS AND METHODS

Study site descriptions
The 2 study sites are areas with known groundwater input along the southern coast of O'ahu, Hawai'i, in Maunalua Bay (21.2743°N, 157.7492°W; Fig. 1A ). Salinity and 222 Rn surveys of the bay's coastline indicated 3 areas with groundwater signatures and negligible surface water inputs (Richardson et al. 2017a ). This study focused on 2 reef flats in the bay: Black Point (21.2586°N, 157.7899°W) and Wailupe (21.2756°N, 157.7624°W) (Fig. 1B) . These 2 sites are about 4 km away from each other and receive SGD sourced from 2 different watersheds with different nutrient profiles and sources, possibly due to near-shore geochemical and geological differences (Richardson et al. 2017b (Holleman 2011 , Richardson et al. 2017a ). Nutrient concentrations of SGD at both sites are at least 2 orders of magnitude higher than background levels.
Calculating nutrient loads
Water sampling and processing
We established a relationship between salinity and nutrients by compiling a time series of surface and benthic water samples taken synoptically along the SGD gradient at Wailupe and Black Point (n = 150 site −1 ) on 10 and 11 January 2015, respectively. Water samples were analyzed for salinity using a combination platinum ring electrode thermistor (Metrohm 6.0451.100) on a Metrohm conductivity module with Tiamo software (v.2.4). A subset of 48 samples for Black Point and 40 samples for Wailupe were analyzed for inorganic nutrients, covering the largest range of salinities to represent water samples with a range of groundwater fractions. These water samples were filtered through a 0.2 µm filter (Whatman 6900- ), and total dissolved phosphorus (TDP). These parameters were regressed against salinity and showed strong linear relationships (least squares regressions: R 2 > 0.964, p < 0.001; see Table 1 for the linear relationships be tween the nutrients and salinity by site). The strong relationship between salinity and nutrients allowed us to use salinity as a proxy for the nutrients listed above. . The sampling frequency was 1 measurement every 10 min. Water samples were taken while each sensor was deployed and were analyzed using a Portasal salinometer 8410A (accuracy 0.001) and were compared to sensor values for quality control (QC) purposes.
The salinity data were used to calculate the TDP, SiO 4
2+
, and N + N time series across space and time at each location at both sites. The time series data were then used to calculate an average daily nutrient load at each location. N + N is used as a representative parameter for models and figures but should be treated as a representative variable for this larger suite of SGDrelated parameters. Average daily N + N load was then interpolated across space to create a continuous map of daily nutrient loads for both sites (see Fig. 3A,B) .
Biological parameters
2.3.1. Determining algal biomass Survey areas for each site were set to encompass areas with high to low SGD impact based on the distinct biogeochemical zones described in Nelson et al. (2015) . In decreasing order of SGD influence, these zones are spring (site of SGD), transition, diffuse, and ambient ( Fig. 2, shaded areas) . The area covered for Wailupe and Black Point respectively was about 0.11 km 2 (440 m offshore by 250 m alongshore) and 0.020 km 2 (155 m offshore by 130 m alongshore). The sites were divided into 3 × 3 grids, resulting in 9 cells with the same rectangular dimensions; 4−5 random points were chosen within each cell (i.e. stratified random sampling) for benthic algal surveys (Fig. 2 , black circles). We used 0.01 m 2 quadrats to measure species-specific percent algal and coral cover, as well as substrate type. All of the algae within the quadrat were collected, identified, separated by species, dried for 3 d at 60°C, and weighed for dry biomass. White arrow: localized submarine groundwater discharge (SGD); black circles: sites where species-specific biomass, diversity, depth, wave exposure, and wind exposure were measured; red triangles: salinity sensor locations. Reef shading represents the biogeochemical zones described in Nelson et al. (2015) : purple: spring zone (site of SGD); yellow: transition zone; green: diffuse zone; blue: ambient zone.
Color-coded squares represent the sites of the growth experiments, stratified by biogeochemical zone because this season yielded surveys with the highest algal biomass (fall 2014 and 2015).
Measuring herbivory and algal growth rates in situ
Algal relative growth rates and herbivory rates were measured in caged, open caged, and no cage growth and herbivory assays, using a method similar to Stimson et al. (1996) . Unlike Stimson's methodology, our cages were made of plastic-coated galvanized wire (mesh coarseness: 1 cm 2 ). A total of 16−20 experimental setups consisting of one cage, one open cage, and one no cage treatment were deployed at each site ( Fig. 2 , colored squares), with 4−5 replicates in each of the 4 biogeochemical zones (spring, transition, diffuse, and ambient) (Nelson et al. 2015) . We placed the experiments in 4 zones of varying SGD influence in order to capture the SGD gradient. The replicates in each zone by site were deployed simultaneously for periods of 5 d and relative growth rates were calculated as the percent change in biomass over 5 d. We used Gracilaria salicornia (invasive), Avrainvillea ama delpha (invasive), Acanthophora spicifera (invasive), and Halimeda discoidea (native) at Wailupe because they are the most abundant representatives of the macroalgal species at this site. Likewise, for the herbivory and growth experiments at Black Point, Bryopsis pennata (native but invasive at this location), Avrainvillea amadelpha (invasive), Acanthophora spi ci fera (invasive), and Halimeda discoidea (native) were used. Species-and site-specific 2-way ANOVAs were run using treatment (i.e. cage, open cage, no cage) and zone (i.e. spring, transition, diffuse, and ambient) as factors with an interaction between them, and only biogeochemical zone was reported as significant in most species (Table S1 in the Supplement at www. int-res. com/ articles/ suppl/ m621 p051_ supp. pdf); therefore, herbivory was not significant in either zone, at any site, or for any species. Due to these results and because some algae was detaching from the attachment sites in the cage setups during high wave action periods, we switched methodology to one based on Fong et al. (2006) , which used mesh bags (5 mm 2 polyester mesh) to encapsulate the algae and measure relative growth rates in the absence of herbivory. This methodology allowed us to measure growth in the same manner, and it standardized the loss of algal biomass due to wave exposure. All of the sites were less than 1.5 m deep and previous photosynthetically active radiation (PAR) data collected at these sites found that even a 50% decrease by the mesh would allow for photosynthesis and growth. This method was laid out in the same spatial way as the original method based on biogeochemical zones and replicated 2 times at each site. Roughly 5 g of algae of each algal species were deployed initially. Exact wet weight was measured in the field before deployment and then measured again 5 d after the de ployment. This is a common method used, especially in Ha waiian algal studies (Vermeij et al. 2009 , Reef et al. 2012 , as algae do not grow very large in oligotrophic waters. This length of time allowed for significant changes in biomass of the algae. Growth experiments were done from June to November 2015.
Diversity index: Simpson's index
Simpson's diversity index (SDI) in this case is the complement of Simpson's original index (Simpson 1949) and represents the probability that 2 randomly chosen individuals belong to different species (McCune & Grace 2002) . This index was chosen be cause it includes both a measure of richness and abundance and for its interpretative simplicity. SDI accounts for a small data set and assumes sampling without replacement. A further strength of this measure is its reduced dependence on sampling effort compared with species richness (Magurran 2004 ).
Simpson's diversity index is calculated as:
( 1) where R is the number of species (richness), n i is the percent cover of a particular species and N is the total percent cover of all species. SDI was calculated for all the locations where benthic surveys were done (Fig. 2 , black circles).
Physical parameter measurements and spatial distribution maps for all parameters
All physical parameters were calculated and measured at the benthic survey locations (Fig. 2, black , P is percent frequency with which wind occurred from the i th direction, and F is effective local fetch. Effective local fetch was measured using Google Earth Pro (v.7.1.7.2606) as the distance from the point to the closest barrier such as land or reef crest. Average monthly maximum wind speed and percent wind frequency were calculated by taking 2012 data from a buoy (Station OOUH1: 21.3033°N, 157.8644°W; National Buoy Data Center 2017) about 9 and 11 km from Black Point and Wailupe, respectively.
A wave exposure index was calculated using the same formula as above, substituting monthly average wave height for monthly maximum wind speed. V was substituted with W, the average monthly wave height (in m). Depth was measured at each benthic survey location for each site by measuring the water column height (in m) at variable tidal heights and adjusting these values to a mean lower low water (MLLW) tidal height of zero.
Spatial distributions were created using the 'interp' function in R (v.1.0.44) on spatially explicit points for each variable. The 'interp' function specifies a linear interpolation within the boundaries of the data and can be found in the 'akima' package (Akima & Gebhardt 2015) supported by R software (see Fig. 3C -H).
Generalized additive models for biological responses predicted by physical and SGD-related chemical parameters
Generalized additive models (GAMs) were used in the 'mgcv' package (Wood 2011) in R to explore the relationships between the biological parameters and physical variables including SGD-related nutrient load. GAMs are semi-parametric extensions of generalized linear models (GLMs) that use non-parametric, data-defined smoothers to fit non-linear response curves (Hastie & Tibshirani 1990 , Wood 2006 , Zuur et al. 2007 ). The underlying assumption for GAMs is that the functions are additive and that the components are smooth. The strength of GAMs is their ability to deal with non-linear and non-monotonic relationships between the response and the set of explanatory variables. We did not want to assume a predetermined relationship between the predictors and the responses. Rather, we wanted the data to determine the nature of the relationship between the response variables and the explanatory variables. The data used for the GAMs included biological responses such as species-specific algal biomass (dry weight, g m ), species-specific average percent growth over 5 d (see Table 2 ), and SDI. The predictors used in the GAMs were an array of SGD-derived chemical (sitespecific average N + N load d −1
) and local physical parameters (i.e. wave exposure index, wind exposure index, and depth). The predictors were checked for collinearity and were not significantly correlated (Table S2 ). These models allowed us to assess how much variation in the response variable each covariate can explain individually, while accounting for spatial autocorrelation. Species-specific biomass, wind exposure, wave exposure, and depth were all measured at the same locations (Fig. 2, black circles) . The values for N + N (a proxy for SGD) for the GAMs were calculated from the salinity time series (Fig. 2 , red triangles) interpolated to the benthic survey locations (Fig. 2, black circles) . Mean relative growth rates by biogeochemical zones were applied to the benthic survey locations (Fig. 2, shaded areas) . This resulted in all response and predictor variables being on the same spatial grid (n = 82). All of these data sets were measured within the same grids across the reef flats and therefore are spatially cohesive over longer time scales (i.e. seasonally and yearly), which is the temporal scale at which we measured the variables used in these models. We measured parameters (SGD [as N + N], wave exposure, wind exposure) in a way that would account for their largest cyclical variation. For example, wave and wind exposure vary with season and therefore were summarized by year. SGD varies with tide and therefore we measure this through a 30 d period encompassing a spring and neap tide. Our surveys were done in the fall months over 2 yr to capture a time period with most algal biomass. Thus, the data sets used for the GAMs were both spatially cohesive and temporally comprehensive.
It is possible that there could be interactions between wave exposure and SGD, but the parameter we chose to represent SGD was an integrated N + N daily loading from SGD using a 30 d high frequency time series. This time series would have implicitly captured any interaction between SGD and exposure. Hence, we did not include an interaction, as the SGD parameter inherently includes this interaction.
RESULTS
Spatial distributions of biological, chemical, and physical data
Fig . 3A ,B shows the distribution of average daily N + N load over Black Point and Wailupe, respectively. The nutrient loads differed by site by nearly one order of magnitude (Table 1) , which is consistent with past studies (Richardson et al. 2017b) . Nutrient load decreased with distance from the seep due to mixing and uptake. As mentioned in Section 2.2, N + N was used for display purposes as the representative of a larger suite of nutrients, which all showed strong linear trends with salinity (N + N, TDP, and SiO 4 2-; refer to Table 1 ) and which we refer to as SGD from now on; average daily N + N load was chosen as a proxy for groundwater influence in the GAMs because it is representative of the time scale relevant to the biological processes we tested as response variables (i.e. growth, biomass, diversity).
Average monthly wave exposure (Fig. 3C,D) was much higher at Wailupe due to its longer reef flat. This affects the fetch measurement and overall calculation for the wave exposure index (Eq. 2). The distribution of wave exposure was higher close to shore and close to the seep at Black Point and was lower away from the seep. The opposite pattern was found at Wailupe. This range difference by site also applies for wind exposure, which also uses fetch in its equation. Average monthly wind exposure spaned 1 order of magnitude difference at the 2 sites (Table 2) . Average monthly wind exposure (Fig. 3E,F) was generally higher away from the seep and in a patch close to the seep at Black Point. At Wailupe, wind exposure was higher offshore with a peak at a patch on the western mid-reef flat area. Average monthly wave and wind did not show significant correlations at either site and were therefore both used as covariates in the GAMs.
Depth (Fig. 3G,H) was variable across the reef flat and ranged from about 20−105 cm. The major macroalgal species (see Table 2 for list of species) used in the growth experiments and chosen for speciesspecific biomass analyses in the GAMs are all found both intertidally and subtidally across Hawai'i (Huisman et al. 2007 ) and are well adapted to live within this range of depths. Additionally, PAR sensor measurements at different depths in these areas showed that no part of the reef flat was light-limited during daylight hours.
The total biomass (dry weight) maps (Fig. 3I ,J) of total algae showed that both reef flats have patches with high algal biomass (~100% cover). The bulk of the biomass at Wailupe was made of Gracilaria salicornia, which occurs ubiquitously across the reef flat, while at Black Point the dominant macroalga was Bryopsis pennata, which displays a more patchy distribution.
Black Point is homogeneously low in macroalgal diversity (Fig. 3K,L) , with 2 small patches with relatively higher diversity: one close to the seep and one offshore. Diversity measures of zero correspond to areas where there is one dominant macroalgae, and Halimeda discoidea Black Point −25.4 ± 14.1 (4) 2.2 ± 6.8 (4) 17.5 ± 13.3 (4) ND Wailupe −2.6 ± 13.2 (4) −0.3 ± 17.4 (4) 12.5 ± 12.7 (4) 7.9 ± 2.3 (4) Table 2 . Growth percentages over 5 d for different species at different sites and zones. Zones are listed in order from closest to, and with most, submarine groundwater discharge (SGD) fraction to farthest from, and with least, SGD impact: spring, transition, diffuse, and ambient. Results are means ± SD; sample size in parentheses. ND: no data thus the probability of picking 2 different algal species close to each other is equal to zero. Values closer to 1 represent areas with a high probability of picking different species of algae. The low diversity at Black Point was due to B. pennata, which also comprised the majority of the biomass. Areas with 'higher' diversity at Black Point were areas with 2 species. Wailupe generally showed higher diversity with areas containing up to 5 species quadrat −1 . Wailupe showed an area with low diversity close to the SGD seep, which was dominated by G. salicornia.
Patterns for growth: GAMs and growth experiments
Herbivory did not play a role in macroalgal growth and abundance for the major macroalgal species present at each site. SGD, depth, and wave exposure were important predictors for the GAMs with speciesspecific growth as a response (Fig. 4) . SGD showed mostly negative relationships with growth for all species except B. pennata at Black Point and G. salicornia at Wailupe. These 2 species also made up the majority of the biomass at these 2 sites (Fig. 3K,L) . The growth of B. pennata was only positive in the ambient zone, farthest away from the seep (Table 2) . Despite the negative relative growth rates in the other biogeochemical zones, during its blooming season, B. pennata was found to be the main algae growing abundantly close to the seep and close to shore at Black Point. The results from the growth experiments (Table 2) that showed negative growth in the first 3 zones closest to the seep were most likely due to loss of biomass due to wave action, also suggested by the high standard deviation in each zone. Interestingly, G. salicornia showed positive growth in all the biogeochemical zones (Table 2 ). The zones ranked ambient, spring, transition, diffuse, from smallest to largest average relative growth rates.
The following pairs of species with significant GAMs had the same directional relationships with all the predictors at the same site: Halimeda discoidea at Wailupe and Avrainvillea amadelpha at Wailupe, as well as H. discoidea at Black Point and Acanthophora spicifera at Black Point. This suggests that there are strong site effects, which may be a product of the unique physicochemical environments of each site. On the other hand, the growth of A. spicifera showed the same directional relationships for all the predictors at both sites: a negative relationship with SGD and positive relationships with wind exposure and depth.
Wave exposure had mostly negative or non-significant relationships with growth of all the species. Depth mostly had positive relationships with growth for all species except H. discoidea at Wailupe, A. amadelpha at Wailupe, and B. pennata at Black Point (Fig. 4) . The inconsistency of the directional relationships of the physical parameters suggests that they are a synthesis of several physical processes that may act on different scales and may affect algal growth across the reef flat in different ways. For example, depth may be a proxy for turbidity at Wailupe since areas close to the seep are both deep and turbid at high tide due to the disturbance of the silty sediment. At Black Point, the relationship between depth and turbidity may be different as some deeper areas are covered in sand, while shallower areas are composed of calcified reef, both dead and alive.
Patterns for biomass: GAMs
Wave exposure, SGD, and wind exposure were the important predictors for the species-specific biomass models (Fig. 5 ). Wave exposure generally had positive relationships with species-specific biomass at Wailupe and generally negative relationships with species-specific biomass at Black Point. Interestingly, A. spicifera's biomass had the opposite relationships with wave exposure at both sites. Two species at Wailupe, G. salicornia and H. discoidea, showed significant and positive relationships with wave exposure. SGD mostly had a significant positive relationship with biomass for G. salicornia at Wailupe and a significant negative relationship with A. spicifera biomass at Wailupe. All other relationships with SGD were not significant. The significant relationships between wind exposure and biomass were negative. Depth mostly had negative relationships with biomass for all species except B. pennata at Black Point, total biomass at Black Point, and A. spicifera at Wailupe. The biomass of B. pennata was significantly predicted by wind and wave exposure, 2 physical parameters, suggesting hydrodynamics are important for the colonization and presence of this algal species.
The following pairs had the same directional relationships with all the predictors: B. pennata at Black Point and total biomass at Black Point; G. salicornia at Wailupe and total biomass at Wailupe. These results were supported by the benthic surveys, which showed that B. pennata and G. salicornia are the most abundant algae at Black Point and Wailupe respectively (Fig. 3I-L) , and therefore are strongly 
Patterns for SDI: GAMs
SDI was significant at Wailupe, mostly with average daily N + N load and wind exposure (Fig. 6) . SDI was above 0 in areas with N + N loads lower than 250 N + N µmol l −1 seawater (sw). SDI was increased at higher wind exposure and depths, which both occur away from the groundwater seep. The low SDI scores close to the seep show that few species occur in areas with a distinctly different chemical environment brought in by the groundwater. Interestingly, even though diversity of algal assemblage decreased with higher nutrient loads, the total biomass of algae increased with higher nutrient loads (Figs. 5 & 6 ).
DISCUSSION
We calculated and measured a suite of physical, chemical, and biological characteristics on 2 reef flats with SGD input. We ran GAMs for species-specific biomass, total algal biomass, species-specific growth, and SDI against a suite of physicochemical parameters (i.e. N + N load, wave exposure, wind exposure, depth). All biological responses for at least half of the species studied were significant with some combination of the physicochemical parameters.
Factors predicting biomass distributions of macroalgal species
Our first hypothesis was that species-specific macro algal biomass depends on SGD and at least one index of exposure. This was true for (1) the bio mass Gracilaria salicornia at Wailupe, which showed positive significant relationships with both SGD and wave exposure, as well as for (2) the biomass of Acanthophora spicifera at Wailupe, which had negative relationships with both SGD and wind exposure.
The rest of the significant species-specific biomass relationships occurred solely with exposure indices. The biomass of Halimeda discoidea at Wailupe had a positive significant relationship with wind exposure. The biomass of Bryopsis pennata had negative significant relationships with both wind and wave exposure. Wave exposure integrates a wide variety of environmental variables, and our results are not surprising given that the concept that hydrodynamic conditions influence the distribution of coastal organisms is not new (e.g. Fowler-Walker et al. 2006 , Jonsson et al. 2006 , Cefalì et al. 2016 ).
SGD supports low diversity and increased biomass of species that can tolerate low salinities
SGD was positively related to the invasive species G. salicornia and the bloom-forming species B. pennata, indicating that if found or transported to this kind of environment, these species are likely to be successful invaders. SGD had negative effects on growth with all species except B. pennata and G. sal- icornia, which also explains the low algal diversity in areas close to the SGD seep. G. salicornia is found throughout the entire reef flat but was the main species found close to the SGD seep at this site. Its biomass at Wailupe was significantly positive with wave exposure and its growth was positive in all biogeochemical zones. Its growth was not highest at the spring or transition zone, which suggests that it may not thrive in this environment but it is the most tolerant of it. Smith et al. (2004) showed that Gracilaria sp. is highly tolerant of varying temperatures and desiccation. Unpublished work in aquaculture with this genus has also shown that intermediate salinities show increased growth of Gracilaria sp. (W. Ito pers. comm.). From its high biomass across the reef flat, we can infer that G. salicornia is a good biological competitor for space. G. salicornia's large range of tolerance for several chemical and physical parameters, as well as its fast-growing mechanism make it a successful invasive species. A study by Lapointe (1985) showed that a species in the Gracilaria genus was able to increase growth after frequent (2 wk −1 ) nutrient pulses. He noted that frequency was more important than nutrient load for growth of this species. This study suggests that G. salicornia grows well in coastal systems with high nutrient loads at much higher pulse rates.
B. pennata was the major macroalgal species found at Black Point; however, neither its presence nor biomass were related to any of the chemical or physical parameters. This suggests that there may be other physicochemical or biological factors, such as competition, contributing to the presence and abundance of B. pennata across the reef flat. This alga is highly abundant across most of the reef flat but is the dominant alga in the area close to the SGD seep, possibly due to lack of competition from other algae. Offshore, although the growth data indicates that the nutrient regime/load is more ideal for its growth, there is increased competition with other algae, which also show positive growth in these biogeochemical areas.
SGD supports increased biomass of species that can tolerate low salinities. If these species are bloomforming or have high growth rates, they can take over reef flats at local spatial scales. This might be able to precipitate a succession of invasive or native algal domination on a reef. It is not surprising that macroalgal biomass is high at these sites when we combine these results with the lack of herbivory. Wailupe has been macroalgal-dominated for at least the last 15 yr (McGowan 2004) ; it would be interesting to pursue work on succession of algae in this system, especially with regards to invasive species.
Diversity and macroalgal community biomass distributions
We hypothesized that diversity is related to both nutrient load and one or more exposure indices. This was supported at Wailupe, where SID was significantly negatively related to SGD and significantly positively related to wind exposure.
The effects of exposure on the diversity of macrophytes are often unclear (Kraufvelin et al. 2010 , Williams et al. 2013 , Norderhaug et al. 2014 . Indeed, ecological studies have shown both increasing and de creasing relationships with wave exposure, as well as hump-shaped patterns in the diversity of macroalgae (Ricketts et al. 1985 , Bailey 1988 , Riis & Hawes 2003 , Nishihara & Terada 2010 , Norderhaug et al. 2014 .
At Wailupe, where total macroalgal biomass and diversity were significantly predicted by both exposure and SGD factors, high wind exposure occurs in areas generally away from the groundwater seep. Total biomass was positively related to wave exposure (significant) and SGD (not significant); in contrast, diversity increased with higher wind exposure and decreased with increased SGD. This supports the argument that some macroalgal species -invasive and opportunistic species in this case -can grow and persist in an area with high SGD-derived chemical factors (i.e. high nutrient and low salinity daily loads) but that most algae are outcompeted in these environments.
SGD and physical parameters affect growth of algae species in different ways
Finally, we hypothesized that species-specific growth rates differ by biogeochemical zone and have a significant relationship with SGD. Our growth ex periment results support that species-specific relative growth rates do differ by biogeochemical zone (Table 2 ). For the growth of A. spicifera at Wailupe and H. discoidea at both sites, there was a significant negative relationship with SGD (Fig. 4) . Relative growth rates of G. salicornia were the only ones that were positive in all zones. The relative growth rates of the same species also differed by site and biogeochemical zone; this difference could be due to the difference in magnitude of the nutrient concentrations of the SGD at the 2 sites (Table 1) . We did not predict that physical parameters would have significant ef fects on growth, but wave exposure had significant negative relation-ships with growth of A. amadelpha and H. dis coidea at Wailupe and a positive relationship with growth of A. spicifera at Wailupe.
Distributions and growth rates of macroalgal species found away from the SGD seeps
A. spicifera is another invasive species in Hawai'i that is common at Wailupe and present at Black Point. It is known to be able to take up nitrate (Leon-Soon 2017), which may explain its prevalence in an area where the main N source is groundwater-derived nitrate. A. spicifera's biomass decreased with increasing SGD and wind exposure. A study following this species' distribution showed that fragments were broken off by turbulence in the fore reef, transported by currents, and snagged or entangled in the back reef (Kilar & McLachlan 1986) . A. spicifera is also commonly known as 'prickly seaweed' in Hawai'i due to the pointy projections from the main axis which allow it to get easily entangled in things it comes into contact with. This strategy has allowed it to become one of the most prevalent invasive species in Hawai'i.
H. discoidea grew most and was found in areas away from the groundwater seep with high wave action at Wailupe. This result is in agreement with work by Walters & Smith (1994) and Walters et al. (2002) , which suggested that this species could be successful in areas with high wave action and grazing pressure because it is able to clonally propagate via vegetative fragmentation of very small fragments previously cut several times and in several directions. We hypothesize that H. discoidea is not found close to the groundwater seep because it is a calcifying alga and requires certain chemical and physical conditions such as pH of about 8.1 (on total scale at 25°C) and carbonate/bicarbonate availability in order to calcify and grow. The groundwater that discharges at this site has lower pH of about 7.70 (on total scale at 25°C), which does not allow for the dissociation of high concentrations of bicarbonate and carbonate ions. Thus, it is probable that areas most affected by the groundwater do not have ideal carbonate chemistry conditions for calcifying algae.
Caveats and future directions
The limitations of this study include a relatively low sample size for the number of parameters we were fitting in the multivariate models. This is in part the reason we ran univariate models in addition to multivariate models. The analysis presented here examines the environmental conditions and the correlations with these biological parameters and takes into account the spatial context in which they occur. By identifying the key factors associated with increases and declines, as well as presence and absence of algal taxa, the analysis highlights variables that are most clearly related to growth rates, biomass, and diversity as well as the modalities by which they interplay. This opens the way for subsequent analyses of the quantitative linkages among, for example, nutrient toxicity levels and biomass accrual. A seasonal analysis would strengthen and elucidate seasonal trends for this work, as we know that both wind and wave exposure are themselves seasonal and have seasonal effects on macrophytes (Wernberg & Vanderklift 2010) . Knowledge about the interactive effects of groundwater-derived biogeochemistry and hydrodynamic forces on macroalgal communities in shallow coastal systems is scant. Therefore, while our experimental results are sound, we acknowledge that several aspects of our interpretation require further support.
It is critical to evaluate the effects of stressors on community dynamics not only independently, but also under different combinations to understand how those effects will be played out in more realistic scenarios (Muthukrishnan & Fong 2014) . Salinity and nutrient effects on specific algae have been studied, but this is rarely done in conjunction with an exposure index. Intertidal ecologists recognize the importance of all these factors (Kraufvelin 2007 , Kraufvelin et al. 2010 and in Hawai'i and other tropical areas housing coral reefs, we should apply these cross-cutting concepts and in situ studies on reef systems affected by groundwater. A good start would be to review what we know about invasive algal species in areas with coral reefs and the effects (both interactive and not) of salinity, eutrophication, and hydrodynamics.
Both from observational studies and physiological experiments, we know that macroalgal relationships between tolerance and resistance to stress are variable and species-specific (Hay et al. 2011) . This is where the multiple stressor literature is helpful in trying to distill these complex interactions. Coastal systems are especially complex with upwards of 100 two-way interactions (Côté et al. 2016 ). In Côté et al.'s (2016) paper about ecosystem stressor interactions, they lay out a guide for identifying generalities about ecosystems, stressors, and/or responses that could provide guidance to conservation scien-tists and managers. Along with physiological studies about stress mechanisms, studies such as this one can accumulate data to ground truth these relationships and interactions in situ.
The information we can gather about specific algal species regarding their biomass and growth in different chemical and hydrodynamic scenarios can help us infer their fate when placed in areas with SGD and can then be expanded to estuaries and many coastal environments experiencing global changes. These systems are also important study sites for tolerance levels and thresholds for growth in different chemical loads with different temporal delivery scenarios. In the case of groundwater, these aspects are hard to disentangle, but mesocosm studies constraining factors have been done and can help elucidate these dynamics and interactions. If we can understand what factors affect biomass and persistence of certain algal assemblages, especially those comprised of invasive and opportunistic algae, we can prioritize re storation efforts. Additionally, understanding how communities of primary producers function and how resilient they may be to predicted climate change scenarios (i.e. sea level rise, increasing temperatures, etc.) will help with preparedness for coastal management.
